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SILIC ON CARBIDE MATRIX COMPOSITE MATERIAL/ PROCESS FOR PRODUCING 
THE SAME AND PROCESS F OR PRODUCING PART OF SI LICON CARBIDE M ATRIX 

COMPOSITE MATERIAL 



5 TECHNICAL FIELD 

[0001] The present invention relates to a silicon carbide matrix 
composite material of which mechanical properties such as strength 
and toughness are improved, a process for producing it , andaprocess 
for producing parts of the silicon carbide matrix composite 
10 material. 



BACKGROUND ART 

[0002] Silicon carbide (SiC) ceramics has excellent properties 
such as environment resistance^ heat resistance, abrasion 

15 resistance, high rigidity, high heat conductance, low thermal 
expansion, and the like and, therefore, is used as a 
high-temperature structural member, an al^asion resistant member 
and the like. Especially, the properties of the Sic ceramics are 
utilized to practically use the SiC ceramics for jigs for 

20 semiconductor manufacturing devices and other 

semiconductor-associated parts in these years. Besides, it is 
also studied for application to industrial equipment such as 
nuclear, gas turbine and other energy equipment, pump parts, 
mechanical seal parts, sliding parts and the like. 

25 [0003] AS a process for producing the SiC ceramics, a 

reaction-sintering method is known other than a powder sintering 
method using the same sintering aids as used for an ordinary ceramics 
material. For example, the reaction-sintering method for SiC 



forms a mixture of SiC powder as an aggregate with carbon powder / 
a resin and the like into a desired shape, keeps heating the compact 
to the melting temperature or more of silicon and impregnates the 
molten silicon . The reaction sintering of Sic is a sintering method 
5 involving a reaction between carbon and silicon. 

[0004] The reaction-sintering method for SiC has a lower 
sintering temperature than that of the powder sintering method 
and can provide a dense body without using sintering aids. The 
reaction-sintering method does not have a large shrinkage in size 

10 at sintering in comparison with the powder sintering method and 
can produce a large-size part and a complex shape part having a 
near net shape, providing an advantage capable of largely reducing 
the cost required for fabrication into the final shape. Thus, 
the reaction-sintering method is expected as a method which can 

15 produce SiC ceramics with a high purity at a low cost. 

[0005] But, the Sic ceramics (reaction-sintered SiC) produced 
by the reaction-sintering method is generally known that it is 
poor in mechanical properties such as strength, fracture toughness 
values and the like in comparison with the SiC sintered body produced 

20 by the powder sintering method . Therefore , the reaction-sintered 
Sic is not applied to parts and devices which are required to have 
high strength at present. 

[0006] Specifically, the reaction-sintered SiC contains a 
liberated silicon (Si) phase derived from its production method. 
25 Though the liberated Si phase contributes to make the 

reaction-sintered SiC dense, it is a cause of lowering the strength 
of the reaction-sintered SiC because it tends to become the starting 
point of fracture. A conventional reaction-sintered SiC has its 



strength or the like heavily degraded in comparison with the SiC 
sintered body produced by the powder sintering method because it 
is determined to have a large content of the liberated Si phase 
in order to enhance denseness, productivity and the like. 
5 [0007] It is general for the conventional reaction sintering 
to use Sic powder having a relatively large grain diameter as an 
aggregate in order to improve the denseness, productivity and the 
like. However / the SiC ceramics produced by the conventional 
reaction-sintering method has a problem that the microstructure 

10 based on the aggregate SiC and reaction product SiC tends to become 
nonuniform because of the aggregate SiC having a relatively large 
grain diameter. The nonuniform microstructure becomes a cause 
of degrading the strength of the reaction-sintered SiC. 
[0008] It is tried to reduce the amount of the liberated Si 

15 phase present in the reaction-sintered SiC against the 

above-described lowering of strength because of the liberated Si 
phase. But/ simple reduction of the content of the liberated Si 
phase in the reaction-sintered SiC cuts the network structure of 
the liberated Si phase into pieces, resulting in producing a large 

20 volume of pores. Besides, microcracks are easily produced as the 
volume of the Sic produced by the reaction sintering expands. The 
pores and microcracks present in the reaction- sintered SiC cause 
lowering of the strength in the same manner as in the ordinary 
ceramics material. 

25 [0009] Besides, Japanese Patent Laid-Open Application No. 
2001-19551 describes a production method by which siilicon is 
prevented from remaining by immersing a compact in a liquid silicon 
source (alkoxysilane or the like) and sintering at a temperature 



in a range of 1500 to 2000°C, But, the complete removal of the 
liberated Si phase tends to degrade the density because the 
liberated silicon phase contributes to making the 
reaction-sintered SiC dense. The strength of the 
5 reaction-sintered SiC has not been enhanced satisfactorily because 
the denseness is degraded. Sintering at a relatively high 
temperature impairs the advantage of the reaction-sintering method 
capable of sintering at a low temperature. 

[0010] As described above, the conventional reaction-sintering 

10 method has not reached a level that a high-strength SiC ceramics 
is produced with a good reproducibility. A method of producing 
Sic parts by the reaction-sintering method has a small shrinkage 
in dimensions at the time of sintering and can reduce a cost required 
for fabricating to provide a final shape but its application to 

15 parts having a complex shape is not satisfactory. Specifically, 
the compact shape is limited, and the machining cost increases 
because the conventional reaction-sintering method causes a volume 
expansion when the liberated Si phase solidifies. Besides, there 
is a problem that cracks and the like are easily caused at the 

20 time of solidification. 

[0011] In this connection, Japanese Patent Laid-open 
Application No . HEI 8-183661 describes a production method by which 
a temperature range of ±10''C of at least the melting point of silicon 
is cooled at a cooling rate of 12''C/hr in a cooling process after 

25 the impregnation of silicon . According to this reaction-sintered 
Sic production method, the occurrence of cracks is suppressed to 
some extent, but an essential subject of providing a high strength 
has not been improved. 



[0012] The present invention provides a silicon carbide matrix 
composite material which can be applied to a variety of members 
and parts required to have a high strength by improving the 
mechanical properties such as strength^ toughness and the like 
5 of the reaction-sintered SiC and enhancing reliability and 
durability, and a process for producing it . The present invention 
also provides a process for producing parts of a silicon carbide 
matrix composite material by which parts having a complex shape 
and a large size of the silicon carbide matrix composite material 
10 can be produced inexpensively with their strength and toughness 
improved . 

SUMMARY OF THE INVENTION 

[0013] A silicon carbide matrix composite material according 
15 to the present invention comprises a silicon carbide matrix which 
comprises a first silicon carbide phase having silicon carbide 
crystal grains with an average crystal grain diameter in a range 
of 0.1 to 10 |iin and a second silicon carbide phase having silicon 
carbide crystal grains with an average crystal grain diameter in 
20 a range of 0.01 to 2 fim; and a silicon phase which is continuously 
present in network form in the interstices of the silicon carbide 
crystal grains constituting the silicon carbide matrix. 
[0014] The silicon carbide matrix composite material of the 
present invention is a dense sintered body which has a liberated 
25 silicon phase continuously present in network form in the 

interstices of the silicon carbide crystal grains constituting 
the silicon carbide matrix. The silicon phase is contained in 
a range of, for example, 5 to 50 mass% in the composite material. 



The present invention controls the microstructure including the 
average crystal grain diameters of the first and second silicon 
carbide phases constituting the silicon carbide matrix^ so that 
the mechanical properties such as strength and fracture toughness 
5 values of the silicon carbide matrix composite material can be 
improved substantially. 

[0015] A process for producing a silicon carbide matrix 
composite material according to the present invention, comprises 
a step of press forming a mixed powder of silicon carbide powder 

10 having an average grain diameter in a range of 0.1 to 10 jun and 
carbon powder having an average grain diameter in a range of 0.005 
to 1 fim into a compact having a desired shape; and a step of 
impregnating molten silicon into the compact while heating the 
compact to a temperature of the melting point or more of the silicon . 

15 [0016] In the process for producing a silicon carbide matrix 
composite material according to the present invention / the silicon 
impregnation step forms a silicon carbide matrix which comprises 
a first silicon carbide phase formed of the silicon carbide powder 
and having silicon carbide crystal grains with an average crystal 

20 grain diameter in a range of 0.1 to 10 and a second silicon 
carbide phase formed by a reaction of the silicon carbide powder 
and the silicon and having silicon carbide crystal grains with 
an average crystal grain diameter in a range of 0.01 to 2 urn and 
also causes the silicon phase to continuously present in network 

25 form in interstices of the silicon carbide crystal grains 
constituting the silicon carbide matrix. 

[0017] And/ a first process for producing a part of a silicon 
carbide matrix composite material according to the present 



Amendment under Article 34 



invention comprises a step of forming a mixed powder of silicon 
carbide powder having an average grain diameter in a range of 0 . 1 
to 10 nm and carbon powder having an average grain diameter in 
a range of 0.005 to 1 into a compact having a desired shape; 
5 a step of producing a sintered body of the silicon carbide matrix 
composite material by heating the compact to a temperature of the 
melting point or more of silicon and also impregnating molten 
silicon into the compact; and a step of fabricating the surface 
of the sintered body to provide a part having the final size. 

10 [0018] A second process for producing a part of a silicon carbide 
matrix composite material according to the present invention 
comprises a step of forming a mixed powder of silicon carbide powder 
having an average cirain diamei:er in a range of 0,1 -bo 10 im and 
carbon powder having an average grain diamei:er in a range of 0 . 005 

15 -bo 1 Mm into a preliminary compact having a size larger than the 
final size; a step of processing at least a part of the preliminary 
compact into a compact having a size smaller than that of the 
preliminary compact but larger than the final size; a step of 
producing a sintered body of the silicon carbide matrix composite 

20 material by heating the compact to a temperature of the melting 
point or more of silicon and also impregnating molten silicon into 
the compact; and a step of fabricating the surface of the sintered 
body to provide a part having the final size. 

[0019] According to the first and second processes for producing 
25 the part of the silicon carbide matrix composite materials of the 
present invention^ various parts having a complex shape and a large 
size can be produced inexpensively from the silicon carbide matrix 
composite material excelling in strength and toughness. 



Amendment under Article 34 

Specifically, when the sintered body is produced from the compact 
according to the present invention, the shrinkage is very small, 
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so that the cost required for the fabrication to provide the final 
size can be reduced substantially. Especially, the present 
invention can further reduce the machining cost of the parts having 
a complex shape and a large size because the microstructure of 
5 the silicon phase is controlled to suppress the expansion of the 
silicon phase at the time of solidification, 

[0020] Besides, a third process for producing a part of a silicon 
carbide matrix composite material according to the present 
invention is, to produce a part of a silicon carbide matrix composite 

10 material by bonding plural part units formed of the silicon carbide 
matrix composite material, comprised of a step of forming a mixed 
powder of silicon carbide powder and carbon powder into a desired 
shape to produce plural compacts corresponding to the plural part 
units ; a step of adhering the plural compacts by an organic adhesive ; 

15 a step of impregnating molten silicon into the plural compacts 
including the bonded portion by the organic adhesive, reaction 
sintering the plural compacts integrally to provide the plural 
part units and integrally bonding the plural part units by the 
reaction produced silicon carbide and the silicon present in 

20 network form. 

[0021] A fourth process for producing a part of a silicon carbide 
matrix composite material according to the present invention is, 
to produce a part of a silicon carbide matrix composite material 
by bonding plural part units formed of the silicon carbide matrix 

25 composite material, comprised of a step of removing silicon which 
is present on the bonding surfaces of the plural part units formed 
of the silicon carbide matrix composite material; a step of adhering 
the bonding surfaces of the plural part units by an organic adhesive ; 



and a step of impregnating molten silicon into the bonded portion 
by the organic adhesive and integrally bonding the plural part 
units by the reaction produced silicon carbide and the silicon 
present in network form, 
5 [0022 ] According to the third and fourth processes for producing 
a part of the silicon carbide matrix composite material according 
to the present invention , the plural part units of the silicon 
carbide matrix composite material are integrally bonded by the 
reaction-sintered bonding layer based on the reaction of the 

10 organic adhesive layer used for adhesion of the compact and the 
sintered body and the molten silicon. Specif ically^ the plural 
part units formed of the silicon carbide matrix composite material 
are integrally bonded by the reaction produced silicon carbide 
and the silicon present in network form among its crystal grains. 

15 This reaction-sintered bonding layer allows the adhesion of the 
plural part units with high strength to produce parts having a 
more complex shape and a large size efficiently at a low cost. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 [0023] Fig. 1 is an enlarged sectional view schematically 
showing the microstructure of the silicon carbide matrix composite 
material according to one embodiment of the present invention. 
[0024] Fig. 2 is an enlarged sectional view schematically 
showing the production process of the silicon carbide matrix 

25 composite material according to one embodiment of the present 
invention . 

[0025] Fig • 3 is a sectional view schematically showing a bonding 
step which applies a first bonding method of a process for producing 



a part of a silicon carbide matrix composite material of the present 
invention . 

[0026] Fig. 4 is a sectional view schematically showing the 
bonding step following Fig. 3. 
5 [0027] Fig. 5 is a sectional view schematically showing the 
bonding step following Fig. 4. 

[0028] Fig. 6 is a sectional view schematically showing a 
structural example of a bonded part which applies the first bonding 
method of the process for producing a part of a silicon carbide 
10 matrix composite material of the present invention. 

[0029] Fig. 7 is a sectional view schematically showing a bonding 
step which applies a second bonding method of a process for producing 
a part of a silicon carbide matrix composite material of the present 
invention . 

15 [0030] Fig. 8 is a sectional view schematically showing the 
bonding step following Fig . 7 . 

[0031] Fig. 9 is a sectional view schematically showing the 
bonding step following Fig . 8 . 

[0032] Fig. 10 is a sectional view schematically showing a 
20 structural example of a bonded part which applies the second bonding 
method of the process for producing a part of a silicon carbide 
matrix composite material of the present invention. 

[0033] Fig. 11 is an enlarged sectional view schematically 
showing a microstructure of a bonded layer portion of a bonded 
25 part applying the present invention. 

[0034] Fig. 12 is a sectional view showing an enlarged image 
of a bonded layer portion of a bonded part applying the present 
invention . 

10 



BEST MODE FOR CARRYING OUT THE INVENTION 

[0035] Embodiments of the present invention will be described 
below with reference to the following Examples. 
5 [0036] Fig. 1 is an enlarged sectional view schematically 
showing the microstructure of the silicon carbide (SiC) matrix 
composite material according to one embodiment of the present 
invention. The SiC matrix composite material 1 shown in Fig. 1 
has an SiC matrix 2 as its parent body. The SiC crystal grains 

10 constituting the SiC matrix 2 have, for example, two crystal grain 
diameter distributions . Specifically, the SiC matrix 2 is mainly 
comprised of a first Sic phase 3 having a relatively large average 
crystal grain diameter and a second Sic phase 4 having a relatively 
small average crystal grain diameter. 

15 [ 0037 ] In the interstices of the SiC crystal grains constituting 
the Sic matrix 2, a liberated silicon (Si) phase 5 is present 
continuously in network foim. The liberated Si phase 5 provides 
the Sic matrix composite material 1 with a dense sintered body. 
It is desirable that the SiC matrix composite material 1 has a 

20 porosity of, for example, 4% or less. If the porosity exceeds 
4%, the Sic matrix composite material 1 is degraded in strength 
or the like. Besides, it is desired that the SiC matrix composite 
material 1 is substantially free from a pore. According to the 
present invention , the content of the liberated Si phase 3 is reduced , 

25 and the SiC matrix sintered body, which is substantially free from 
an open pore, can be obtained. It contributes greatly to 
improvement in strength of the SiC matrix composite material 1. 
[0038] The first SiC phase 3 among the SiC phases constituting 



the Sic matrix 2 is formed of, for example, an SiC powder blended 
as an aggregate , and substantially no growth of a crystal is observed 
in the production process. Meanwhile, the second SiC phase 4 is 
produced by a reaction between, for example, a carbon powder and 
5 molten Si in a starting material. The second SiC phase 4 based 
on the reaction product SiC starts to grow from the vicinity of 
the surface of the first SiC phase 3 and is present in the SiC 
matrix composite material 1 in a state that the first SiC phase 
3 is mutually sintered. 

10 [0039] The strength of the SiC matrix composite material 1 can 
be improved by controlling the average crystal grain diameters 
of the first and second SiC phases 3, 4 to a prescribed range. 
Specifically, the SiC crystal grains constituting the first SiC 
phase 3 are controlled to have an average crystal grain diameter 

15 falling in a range of 0.1 to 10 urn. Meanwhile, the SiC crystal 
grains constituting the second SiC phase 4 are controlled to have 
an average crystal grain diameter falling in a range of 0.01 to 
2 lom. It is assumed that the average crystal grain diameters of 
the first and second SiC phases 3, 4 have a value determined by 

20 mirror-polishing a desired cross-sectional surface of the SiC 
matrix composite material 1, observing the texture through an 
optical microscope (metallurgical microscope) or an electron 
microscope and conducting an image processing on the enlarged 
texture photograph. 

25 [0040] If the first SiC phase 3 has an average crystal grain 
diameter of exceeding 10 \m, the mechanical properties such as 
strength and toughness cannot be expressed satisfactorily, it 
is considered that, if the average crystal grain diameter of the 

12 



first Sic phase 3 is excessively large, the bonded structure by 
the second SiC phase 4 becomes non-uniform and the liberated Si 
phase 5 which becomes the starting point of fracture comes to have 
a large size, so that it tends to become a defect and has a bonding 
5 strength with the first SiC phase 3 lowered. 

[0041] And, if the first SiC phase 3 has an average crystal 
grain diameter of less than 0 . 1 [im, a homogeneous composite texture 
is hardly obtained in view of productivity. Thus, a defect such 
as a hole is easily produced. The first SiC phase 3 is desirably 
10 controlled to have an average crystal grain diameter in a range 
of 0 . 1 to 5 ^im in view of a balance with the average crystal grain 
diameter of the second Sic phase 4 and more desirably controlled 
to fall in the range of 0.2 to 5 jim. 

[0042] If the second SiC phase 4 has an average crystal grain 
15 diameter of exceeding 2 fim, it becomes difficult to obtain a 
homogeneous composite texture due to volume expansion at the time 
of reaction sintering, and the liberated Si phase 5 tends to have 
a nonuniformly distributed state. If the second SiC phase 4 has 
an average crystal grain diameter of less than 0.01 \m, it becomes 
20 difficult to obtain a homogeneous composite texture in view of 
productivity, and the bonded structure with the first SiC phase 

3 becomes insufficient. Consequently, the strength of the SiC 
matrix composite material 1 is degraded. The second Sic phase 

4 is more desirably controlled to have an average crystal grain 
25 diameter falling in a range of 0.02 to 1 ^m. 

[0043] The Sic matrix composite material 1 of the present 
invention has a feature that the SiC matrix 2 is provided with 
the first and second SiC phases 3, 4 having the above-described 

13 



average crystal grain diameters. Therefore / it includes a case 
that the average crystal grain diameter of the first SiC phase 
3 based on the aggregate Sic is smaller than that of the second 
Sic phase 4 based on the reaction product SiC or a case that the 
5 first Sic phase 3 and the second SiC phase 4 have substantially 
the same average crystal grain diameter. But, when the average 
crystal grain diameter of the first SiC phase 3 is larger than 
that of the second SiC phase 4 as described above, a better strength 
improving effect can be obtained with a good reproducibility. 

10 [0044] The crystal phase of the first SiC phase 3 consists of 
an a phase or a p phase. It is because either of the a phase and 
the p phase can be used for silicon carbide to be blended as an 
aggregate. The first SiC phase 3 may be either of the oc phase 
and the p phase. Meanwhile, the second SiC phase 4 is produced 

15 by a reaction between a carbon powder and molten Si . Such a reaction 
product Sic becomes the p phase. The reaction product SiC having 
the p phase as the crystal phase has a high bonding strength with 
the first SiC phase 3 and contributes to the formation of a 
homogeneous SiC matrix sintered body having fewer pores. The 

20 crystal phase of SiC crystal grains can be identified by X-ray 
dif fractometry in a microarea. 

[0045] The liberated Si phase 5 which is present in the 
interstices of the SiC crystal grains constituting the SiC matrix 
2 as described above has a continuous network structure. When 
25 the network structure of the liberated Si phase 5 is cut into pieces, 
formation of pores or the like is caused, and the strength of the 
Sic matrix composite material 1 is degraded. The content of the 
liberated Si phase 5 is generally determined to fall in a range 

14 



of 5 to 50 mass% . The SiC matrix composite material 1 of the present 
invention can keep the network structure by the liberated Si phase 
5 in a relatively small amount. It means that the liberated Si 
phase 5 which becomes a starting point of the fracture is decreased, 
5 the distribution width of the size of the liberated Si phase 5 
is reduced, and the size of a defect is reduced. Therefore, it 
is desired that the content of the liberated Si phase 5 is in a 
range of 5 to 30 mass%. 

[0046] If the content of the liberated Si phase 5 in the SiC 

10 matrix composite material 1 exceeds 50 mass%, a possibility that 
satisfactory mechanical properties cannot be obtained with a good 
reproducibility increases. In view of this, the content of the 
liberated Si phase 5 is preferably determined to be 50 mass% or 
less. Besides, the content of the liberated Si phase 5 is more 

15 preferably determined to be 30 mass% or less in order to improve 
the mechanical properties of the SiC matrix composite material 
1 more stably. Conversely, if the content of the liberated Si 
phase 5 is less than 5 mass%, the network structure tends to be 
cut into pieces. It is assumed that the content of the liberated 

20 Si phase 5 is calculated on the basis of the theoretical density 
of Si and SiC from the result of image processing of a texture 
examination photograph and the sintered body density. 
[0047] The mechanical properties of the SiC matrix composite 
material 1 can be improved furthermore by controlling not only 

25 the content of the liberated Si phase 5 but also its microstructure . 
Specifically, it is preferable that the liberated Si phase 5 has 
an average diameter in a range of 0 . 03 to 3 jm. The average diameter 
of the liberated Si phase 5 corresponds to an average distance 

15 



between the SiC crystal grains. The small average diameter of 
the liberated Si phase 5 means that the liberated Si phase 5, which 
might be a starting point of fracture^ is miniaturized. It also 
means that the Sic crystal grains are uniformly dispersed in the 
5 liberated Si phase 5 which forms a network. 

[0048] Therefore, when the average diameter of the liberated 
Si phase 5 is controlled to 3 ^m or less, the SiC matrix composite 
material 1 having high strength and high toughness can be obtained 
stably. Specifically, the SiC matrix composite material 1 can 

10 have a bending strength of 5 00 MPa or more with a good reproducibility . 
Meanwhile, if the liberated Si phase 5 has an average diameter 
of less than 0 . 03 \m, it is difficult to keep the network structure, 
a defect such as a hole tends to occur , and the mechanical properties 
tend to have variations . It is more preferable that the liberated 

15 Si phase 5 has an average diameter falling in a range of 0.03 to 
2 ^m. 

[0049] Besides, it is preferable to control the microstructure 
of the liberated Si phase 5, so that an intergranular area between 
the Sic crystal grains (including the first and second SiC phases 

20 3, 4) constituting the SiC matrix 2 and the liberated Si phase 
5 is in a range of 0.1 to 10 m^/g. A large intergranular area 
means that the liberated Si phase 5 is present in minute form and 
homogeneously in the interstices of the SiC crystal grains and 
the interstices of the SiC crystal grains are thoroughly filled. 

25 Therefore, the control of the intergranular area to 0.1 m^/g or 
more makes it possible to obtain the SiC matrix composite material 
1 which stably shows high strength and high toughness. 
[0050] But, the intergranular area of exceeding 10 m^/g means 

16 



that the liberated Si phase 5 is excessively miniaturized. 
Therefore, the network structure of the liberated Si phase 5 tends 
to become discontinuous and a defect such as a hole tends to occur / 
and the strength of the SiC matrix composite material 1 tends to 
5 decrease. It is more preferable that the intergranular area of 
the Sic crystal grains and the liberated Si phase 5 constituting 
the Sic matrix 2 is controlled to a range of 0.1 to 6 m^/g. 
[0051] Here, the average diameter and intergranular area of 
the liberated Si phase 5 have the values determined as follows. 

10 Specifically, first, the SiC matrix composite material 1 is heated 
to 1600^'C under reduced pressure, and the liberated Si present 
in the SiC matrix composite material 1 is removed. It is assumed 
that the average diameter of the liberated Si phase 5 indicates 
an average value of diameters determined assuming that the diameter 

15 of a small pore formed by removing the liberated Si is a cylinder 
by using mercury porosimetry . It is assumed that the intergranular 
area indicates a value obtained by measuring a specific surface 
of a small pore, which is formed by removing the liberated Si, 
by using the mercury porosimetry. 

20 [0052] As described above, the SiC matrix composite material 

1 of this embodiment has superior strength, fracture toughness 
values and the like because the average crystal grain diameters 
of the first and second Sic phases 3,4 constituting the SiC matrix 

2 are controlled and the microstructure including the shape and 
25 the like of the liberated Si phase 4 is controlled. The SiC matrix 

composite material 1 has typical mechanical properties, such as 
a bending strength of 500 MPa or more and a fracture toughness 
value of 3 MPa/m^^^ or more. Thus, the SiC matrix sintered body 

17 



obtained by the reaction sintering can be made to have high strength 
and a high toughness according to the present invention . Therefore , 
the Sic matrix composite material 1 obtained by a low-cost reaction 
sintering can be applied to various types of members and parts 
5 which are demanded to have high strength. 

[0053] The Sic matrix composite material (SiC matrix 
reaction-sintered body) 1 of the present invention can be used 
suitably for various types of equipment parts and equipment members 
such as jigs for semiconductor manufacturing devices ^ 

10 semiconductor-associated parts (heatsink, dummy wafer, etc.)^ 
high-temperature structural members for gas turbines / aerospace 
and aeronautical structural meit±>ers, mechanical seal members , 
brake members, sliding parts, mirror parts, pump parts, heat 
exchanger parts, chemical plant component parts and the like. 

15 Especially, the SiC matrix composite material 1 can be applied 
to equipment parts and members which are required to have high 
strength, because it has high strength and high toughness. It 
largely contributes to the expansion of fields to which the 
inexpensive SiC matrix reaction-sintered body is applied. 

20 [0054] For example, the above-described SiC matrix composite 
material (Sic matrix reaction- sintered body) 1 is produced as 
follows. Here, a process of producing parts (composite material 
parts) formed of the SiC matrix composite material 1 will also 
be described. 

25 [0055] First, SiC powder and carbon powder are mixed at a 
prescribed ratio . The S iC powder as a starting material preferably 
has an average grain diameter in a range of 0.1 to 10 (im • As described 
above, SiC as an aggregate hardly grows grains, so that it is 

18 



desirable that the SiC powder has an average grain diameter in 
a range of 0 . 1 to 10 jim, preferably 0 • 1 to 5 ftm, in order to control 
the average crystal grain diameter of the first Sic phase 3 to 
a prescribed range. The crystal phase of the SiC powder may be 

5 either the a phase or the p phase. 

[0056] Meanwhile^ the carbon powder desirably has an average 
grain diameter in a range of 0.005 to 1 jm. The carbon powder 
reacts with molten Si to produce SiC. To realize a dense and 
homogeneous microstructure of the reaction product SiC (second 
10 Sic phase 4)^ the carbon powder desirably has an average grain 
diameter in a range of 0.005 to 1 |xm, and more preferably a range 
of 0.01 to 0.5 Jim. 

[0057] The compounding ratio of the SiC powder and the carbon 
powder is preferably in a range of 10:1 to 10 (=10:1 to 10:10) 

15 in terms of a mass ratio. If the amount ratio of the carbon powder 
is smaller than the above range ^ the produced amount of the reaction 
product Sic is insufficient/ and the SiC matrix composite material 
1 might have a degraded strength. Meanwhile ^ if the amount ratio 
of the carbon powder is too much, the volume expansion amount at 

20 the reaction sintering becomes large, causing to easily produce 
microcracks locally. In this case, the strength might also be 
degraded. The compounding ratio of the SiC powder and the carbon 
powder is more preferably in a range of 10:3 to 5 (10:3 to 10:5) 
in terms of a mass ratio. The application of this compounding 

25 ratio enables to obtain a material which stably provides high 
strength and high toughness up to large shapes. 
[0058] Besides, the compounding ratio of the SiC powder and 
the carbon powder has an effect on the control of the microstructure 
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including the shape and the like of the liberated Si phase 5. The 
application of the above-described compounding ratio ( especially, 
10:3 to 5) facilitates the control the average diameter of the 
liberated Si phase 5 and the intergranular area with the SiC crystal 
5 grains into the range as described above. The shape and the like 
of the liberated Si phase 5 are affected by the density (a powder 
filling property, filled state and the like) of a compact and the 
average crystal grain diameter of the SiC phase as described later. 
An appropriate amount of a known organic binder may be added to 

10 a mixed powder as required. 

[0059] Then, the mixed powder of the SiC powder and the carbon 
powder is pressed into a compact having a desired shape. As a 
press forming method, powder press forming, pressure casting, or 
the like can be applied. Where the powder press forming is applied, 

15 a pressure is preferably in a range of 0 .5 to 2 MPa . For the powder 
press forming, die pressing, rubber pressing, cold isotropic 
pressing or the like is applied. Where the pressure casting is 
applied, it is desirable that the mixed powder is dispersed into 
water or an organic -based solvent to produce slurry, and the slurry 

20 is cast under a pressure of 0.5 to 10 MPa. 

[0060] By applying the press forming, a compact having an 
appropriate density (powder- filled state) can be obtained. This 
is effective in controlling the microstructure of the liberated 
Si phase 5 and the like. Fig. 2 is a sectional view schematically 

25 showing the microstructure of the compact described above. A 
compact 11 is a green compact of SiC powder 12 and carbon powder 
13 and has a density of a level capable of impregnating the molten 
Si. The density of the compact 11 can be adjusted by a molding 
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pressure, a degreasing treatment, or the like. 
[0061] Here, the compact 11 is determined to have a size larger 
than a part size (final size) taking a machining allowance into 
consideration but can be made approximate to the final size because 
5 a shrinkage at the time of reaction sintering is small. In other 
words, the compact 11 can be produced into a near net shape for 
the final shape. Thus, a machining amount after sintering can 
be reduced extensively. The specific size of the compact 11 is 
preferably larger than the final size within a range of 10% or 
10 less. This compact 11 has a high effect of reducing the machining 
cost • 

[0062] Besides, the size of the compact 11 is desirably adjusted 
depending on its size and shape. For example, if the compact 11 
has a size exceeding 100 mm, the size of the compact 11 is preferably 

15 made large within a range of 8% or less of the final size. If 
the compact 11 has a size exceeding 200 mm, the size of the compact 
11 is preferably made large within a range of 5% or less of the 
final size . It is desirable to approximate the size of the compact 
11 to the final size because the machining amount increases as 

20 the final size becomes large. 

[0063] It is assumed here that the size indicates the maximum 
size of the part. For example, where a part having a diameter 
of 300 mm and a thickness of 5 mm is produced , the compact is desirably 
produced so to have a size of 5% or less of the final size in the 

25 diameter direction and 10% or less of the final size in the thickness 
direction . It is also desirable that the other sizes of the compact 
are determined considering the maximum size in the same way. 
[0064] The compact 11 is not limited to the same shape as it 
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is press formed but may be adjusted by processing. Specifically, 
a preliminary compact having a size larger than the final size 
is produced. The preliminary compact is at least partly processed 
to produce a compact which is smaller than the preliminary compact 
5 but larger than the final size. In the stage of the compact, 
fabrication can be made easily. 

[0065] Especially, in a stage of forming a complex shaped portion 
or the like, even a portion which is hardly shaped can be fabricated 
with ease if it is a part of the compact. Either of machining 
10 and manual processing may be applied to processing of the compact. 
Where the compact is subjected to processing, a compact calcination 
step may be conducted in order to improve the strength of the compact . 
Thus, stable production up to a large and thin structure can be 
made stably. 

15 [0066] Thus, thecost required for a finishing work can be further 
reduced by fabricating in the stage of the compact to provide a 
state closer to the final size. The finishing work is preferably 
conducted to merely modify a size and a shape. 
[0067] Then, the compact 11 is heated to a temperature of the 

20 melting point or more of Si, specifically a temperature of 1400^*0 
or more, and a molten Si 14 is impregnated in the compact 11 in 
the heated state. The compact 11 is reaction sintered by the 
impregnation step of the molten Si 14. For example, the molten 
Si is impregnated under reduced pressure or in an inert atmosphere. 

25 The molten Si is JLmpregnated quickly (on the second time scale) 
though variable depending on the size of the compact 11, and a 
reaction between the molten Si and the carbon powder is also made 
quickly (on the minute time scale) . 
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[0068] The carbon powder 13 in the compact 11 contacts to react 
with the molten Si 14 at a high temperature to produce SiC (second 
Sic phase 4) having an average crystal grain diameter smaller than 
that of the Sic 12 in the starting material. The SiC 12 in the 
5 starting material does not substantially have grain growth in the 
reaction step to become the first SiC phase 3. Besides, the 
interstices of the crystal grains of the SiC phases 3, 4 have Si, 
which was not involved in the reaction, continuously present as 
the liberated Si phase 5 in the network form. The SiC matrix 

10 composite material (SiC matrix reaction-sintered body) 1 is 
obtained by the reaction sintering step. The specific structure 
of the Sic matrix composite material 1 is already described above. 
[0069] The Sic matrix composite material (SiC matrix 
reaction-sintered body ) 1 is undergone finishing work by machining 

15 or the like into a part of the SiC matrix composite material . Here, 
according to the above-described reaction sintering step having 
controlled the microstructure, a sintering shrinkage from the 
compact can be minimized. Specifically, a shrinkage amount at 
sintering can be limited to within ±3%, and further to within ±1%. 

20 It also includes the expansion at the time of solidification of 
the molten Si. Thus, the cost for fabricating to the final size 
can be further reduced by extensively reducing the shrinkage amount 
at the time of sintering. It is desirable that the machining 
allowance at the finishing work is 100 nm or more considering the 

25 precision and the like of the final shape. 

[0070] As described above, the process for producing the SiC 
matrix composite material and the process for producing parts of 
the Sic matrix composite material according to the present 
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invention 

are applied to give high strength and high toughness to the complex 
shaped and large silicon carbide matrix composite material and 
its parts and can reduce substantially the production cost 
5 including the fabrication cost and the material cost. In other 
words, parts of the silicon carbide matrix composite material with 
high strength and high toughness can be provided inexpensively. 
The parts here are ordinary parts which are used in plural to 
constitute a whole and also include a jig, a member or an ornament 

10 which is used for attachment to a device or the like. 

[0071] Typical forms of parts to which the producing process 
of the present invention is applied include, for example, the 
following. Specifically, they include a disk-shaped part having 
a diameter of 300 mm and a thickness of 10 mm as a mirror-finished 

15 part, an annular material having an outer diameter of 350 mm, an 
inner diameter of 300 mm and a thickness of 2 mm as a jig for 
semiconductor manufacturing devices, a tubular material having 
an outer diameter of 100 mm, an inner diameter of 80 mm and a height 
of 60 m as a sliding part, a cylindrical material having a diameter 

20 of 60 mm and a height of 60 mm, an annular material having an outer 
diameter of 200 mm, an inner diameter of 160 mm and a height of 
20 mm, and the like. Naturally, the present invention is not 
limited to the production of the above parts. 
[0072] The reaction-sintering method controlling the 

25 microstructure according to the present invention described above 
is not limited to the production of the SiC matrix composite material 
(Sic matrix reaction-sintered body) but also effective in bonding 
plural Sic matrix composite materials (plural part units). A 
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process for producing a part of the Sic matrix composite material 
by bonding plural Sic matrix composite materials will be described 
below . A bonding method applying the reaction sintering is broadly 
divided into a method (first method) of bonding in a stage of the 
compact formed of a mixture of SiC and carbon and a method (second 
method) of bonding a sintered body. 

[0073] Fig. 3 to Fig. 6 schematically show the steps of the 
first method of bonding in the stage of the compact. First, two 
or more compacts 21 are prepared as shown in Fig. 3 . The compacts 

21 have the same structure as that of the compact 11 used in the 
step of producing the SiC matrix composite material described above 
and are formed of a green compact of SiC powder and carbon powder. 
[ 007 4 ] Then , the two compacts 2 1 are bonded by an organic adhesive 

22 as shown in Fig. 4. The organic adhesive 22 is not limited 
to a particular one but can be various types of adhesives if carbon 
remains after a heat treatment . Then, a heat treatment is conducted 
to transform the organic adhesive 22 into a porous body 23 having 
carbon as primary component as shown in Fig. 5. Specifically, 
a preliminary bonded body 24 which has the two compacts 21 joined 
by the porous body 23 having carbon as the primary component is 
produced. It is preferable that the porous body 23 has a porosity 
in a range of 20 to 70% . After the bonding step, a step of calcinating 
the plural compacts 21 including the bonded portion of the organic 
adhesive 22 may be conducted. This step contributes to the 
improvement of productivity of a large complex- shaped part. 

[ 007 5 ] The above-described preliminary bonded body 2 4 is heated 
to a temperature of the melting point or more of Si to impregnate 
the molten Si into the preliminary bonded body 24 in the heated 
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state. The impregnation step of the molten Si is conducted in 
the same manner as in the above-described process for producing 
the Sic matrix composite material. In the impregnation step of 
the molten Si, the two compacts 21 each are reaction sintered, 
5 and the porous body 23 of the bonded portion is also reaction sintered . 
Specifically, a bonded body 27 which has two SiC matrix 
reaction-sintered bodies 25 integrally bonded by a 
reaction-sintered bonding layer 26 is obtained as shown in Fig. 
6 . The two Sic matrix reaction-sintered bodies 25 each configure 

10 a part unit. 

[0076] Then, a second process for bonding the sintered bodies 
will be described. Fig. 7 to Fig. 10 schematically show steps 
of the process for producing a part of the SiC matrix composite 
material to bond the sintered bodies . First , two or more SiC matrix 

15 sintered bodies 28 are prepared as shown in Fig. 7. It is preferable 
that the SiC matrix sintered bodies 28 are produced by applying 
the above-described process for producing the SiC matrix composite 
material. The two SiC matrix sintered bodies 28 has Si present 
on bonded surfaces 29 previously removed by a heat treatment or 

20 chemical treatment. 

[0077] Then, the two SiC matrix sintered bodies 28 are adhered 
by the organic adhesive 22 as shown in Fig . 8 . The organic adhesive 

22 is transformed into the porous body 23 in the same manner as 
the first method. Thus, the preliminary bonded body 24 having 

25 the two Sic matrix sintered bodies 28 joined by the porous body 

23 having carbon as the primary component is produced as shown 
in Fig. 9 . It is preferable that the porous body 23 has a porosity 
in a range of 20 to 70% in the same manner as the first method. 
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[ 007 8 ] The above-described preliminary bonded body 2 4 is heated 
to a temperature of the melting point or more of Si, and the molten 
Si is impregnated into the preliminary bonded body 24 in the heated 
state. The molten Si is especially impregnated into the porous 
5 body 23. In the impregnation step of the molten Si, the porous 
body 23 of the bonded portion is reaction sintered . Specifically, 
the bonded body 27 which has the two SiC matrix reaction-sintered 
bodies 28 integrally joined by the reaction-sintered bonding layer 
26 can be obtained as shown in Fig. 10. The two SiC matrix 

10 reaction-sintered bodies 29 each configure a part unit. 

[0079] The reaction-sintered bonding layer 26 configuring the 
bonded portion of the bonded body 27 has SiC crystal grains 30 
and a liberated Si phase 31 continuously present in network form 
among the crystal grains as shown in Fig. 11. Therefore, the 

15 reaction-sintered bonding layer 26 itself has outstanding strength 
and a good bonding strength to the SiC matrix reaction-sintered 
bodies 25, 28, so that the two SiC matrix reaction-sintered bodies 
25 > 28 can be bonded with an enhanced strength. 
[0080] The bonded body 27 applying the process for producing 

20 according to the present invention has a typical strength of, for 
example, 150 MPa or more and 1000 MPa or less as bending strength. 
The reaction-sintered bonding layer 26 has a typical hardness of 
Hvl200 or more and Hv2200 or less. The reaction- sintered bonding 
layer 26 has a typical Young's modulus of 300 GPa or more and 420 

25 GPa or less. 

[0081] It is preferable that the reaction-sintered bonding 
layer 26 has an average thickness in a range of 1 to 200 jm. The 
bonding layer 26 having a thickness of less than 1 im is produced 
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with difficult in the production process, and an inadequately 
formed portion of the bonding layer 26 becomes a defect, resulting 
in degrading the reliability and durability of the bonding layer 
26 itself. Meanwhile, if the bonding layer 26 has a thickness 
5 exceeding 200 \m, the strength of the bonded body 27 is degraded. 
It is preferable that the Sic crystal grains 28 constituting the 
reaction-sintered bonding layer 26 has an average crystal grain 
diameter in a range of 0 . 1 to 30 |,im. The reaction-sintered bonding 
layer 26 desirably has a porosity of 5% or less. By configuring 
10 in this way, the strength and reliability of the react ion- sintered 
bonding layer 26 can be enhanced. 

[0082] Besides, the reaction-sintered bonding layer 26 
preferably has a three-layer structure as shown in Fig. 12. The 
reaction-sintered bonding layer 26 shown in Fig. 12 has layers 

15 32, 33, which are in contact with the individual SiC matrix 
reaction-sintered bodies (part units) 25, 28, and a layer 34 
positioned at the center. The part contact layers 32, 33 have 
a structure similar to the SiC matrix reaction-sintered bodies 
(part units) 25, 28 than to the center layer 34. 

20 [0083] It is preferable that the part contact layers 32, 33 
have a higher content ratio of liberated silicon than the center 
layer 34. Specifically, it is preferable that the part contact 
layers 32, 33 have a liberated silicon content ratio 10 to 70% 
higher than the center layer 34. The center layer 34 preferably 

25 has a thickness in a range of 0.5 to 100 nm. The reliability and 
durability of the bonded body 27 can be enhanced furthermore by 
adhering the two SiC matrix reaction-sintered bodies (part units) 
25, 28 by the reaction-sintered bonding layer 26 having the three 
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layer structure. 

[0084] By the process for producing the part of the SiC matrix 
composite material having the first bonding step or second bonding 
step as described above ^ the plural SiC matrix reaction-sintered 
bodies constituting the individual part units can be integrated 
into one body firmly by the reaction-sintered bonding layer. 
Therefore, more complex-shaped parts and large parts ( structures) 
can be produced integrally, and the strength of such a structure 
can be enhanced . It contributes to the reduction of the production 
cost of complex-shaped parts and large structures and the 
improvement of the production efficiency. 

[0085] Then, specific examples and evaluated results of the 
present invention will be described. 

Example 1 

[0086] First, silicon carbide (a-SiC) powder having an average 
grain diameter of 0.5 |jin and carbon powder (carbon black) having 
an average grain diameter of 0.03 fxaa were mixed such that their 
mass ratio was 10:4 (=SiC:C). The mixed powder was mixed with 
a required amount of an organic binder and dispersed into a solvent 
to prepare slurry having a low viscosity . Then , a pressure casting 
machine was used to fill the slurry into a forming die under a 
pressure of 7 MPa. Thus, a plate-like compact having a prescribed 
compact density was produced. 

[0087] Then, the compact was air dried, heated to and held at 
a temperature of 600''C in an inert gas atmosphere to remove 
(degrease) the organic binder. The degreased compact was heated 
to a temperature of 1400**C or more under reduced pressure or in 
an inert gas atmosphere, and molten silicon was impregnated into 
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the compact kept in the heated state • The compact was reaction 
sintered in the impregnation step of the molten silicon to obtain 
an Sic matrix sintered body (SiC matrix composite material) . The 
obtained SiC matrix sintered body was polished its surface and 
5 undergone evaluation of properties described later. 
Examples 2 and 3 

[0088] Compacts were produced in the same manner as in Example 
1 except that starting materials (SiC powder and C powder) shown 
in Table 1 were used and the forming conditions shown in Table 

10 1 were applied. Molten silicon was impregnated into the compacts 
under the same conditions as those in Example 1 to produce individual 
Sic matrix sintered bodies ( SiC matrix composite materials ) . The 
obtained SiC matrix sintered bodies were polished their surfaces 
and undergone evaluation of properties described later. 

15 Example 4 

[0089] Silicon carbide (p-SiC) powder having an average grain 
diameter of 0 . 2 (xm and carbon powder ( carbon black ) having an average 
grain diameter of 0.01 \im were mixed such that their mass ratio 
was 10:2 (=SiC:C). Besides^ the mixed powder was mixed with a 

20 required amount of an organic binder to produce granulated powder . 
Then, the granulated powder was filled in a forming die and press 
formed under a pressure of 2 MPa by a press forming machine. Thus, 
a compact having a prescribed compact density was produced. 
[0090] Then, the compact was heated and kept at a temperature 

25 of eoo^'C in an inert gas atmosphere to remove (degrease) the organic 
binder . The degreased compact was heated to a temperature of 1400*'C 
or more under reduced pressure or in an inert gas atmosphere, and 
molten silicon was impregnated into the compact kept in the heated 
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state. The compact was reaction sintered in the molten silicon 
impregnation step to obtain an Sic matrix sintered body (SiC matrix 
composite material) . The obtained SiC matrix sintered body was 
polished its surface and undergone evaluation of properties 
5 described later . 
Example 5 

[0091] A compact was produced in the same manner as in Example 
4 except that starting materials (SiC powder and C powder) shown 
in Table 2 were used and the forming conditions shown in Table 

10 2 were applied. Molten silicon was impregnated into the compact 
under the same conditions as those in Example 4 to produce an SiC 
matrix sintered body (SiC matrix composite material). The 
obtained SiC matrix sintered body was polished its surface and 
undergone evaluation of properties described later. 

15 Examples 6 and 7 

[0092] Individual compacts were produced in the same manner 
as in Example 1 except that starting materials (SiC powder and 
C powder) shown in Table 1 were used and the forming conditions 
shown in Table 1 were applied. Molten silicon was impregnated 

20 into the compacts under the same conditions as those in Example 
1 to produce SiC matrix sintered bodies (SiC matrix composite 
materials ) . The obtained SiC matrix sintered bodies were polished 
their surfaces and undergone evaluation of properties described 
later . 

25 Examples 8 and 9 

[0093] Individual compacts were produced in the same manner 
as in Example 4 except that starting materials (SiC powder and 
C powder) shown in Table 2 were used and the forming conditions 
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shown in Table 2 were applied. Molten silicon was impregnated 
into the compacts under the same conditions as those in Example 
4 to produce Sic matrix sintered bodies (SiC matrix composite 
materials ) . The obtained SiC matrix sintered bodies were polished 
5 their surfaces and undergone evaluation of properties described 
later . 
Example 10 

[0094] A compact was produced in the same manner as in Example 
1 except that starting materials (SiC powder and C powder) shown 

10 in Table 1 were used and the forming conditions shown in Table 
1 were applied. Molten silicon was impregnated into the compact 
under the same conditions as those in Example 1 to produce an SiC 
matrix sintered body (SiC matrix composite material). The 
obtained SiC matrix sintered body was polished its surface and 

15 undergone evaluation of properties described later. 
Example 1 1 

[0095] A compact was produced in the same manner as in Example 
4 except that starting materials (SiC powder and C powder) shown 
in Table 2 were used and the forming conditions shown in Table 

20 2 were applied. Molten silicon was impregnated into the compact 
under the same conditions as those in Example 4 to produce an SiC 
matrix sintered body (SiC matrix composite material). The 
obtained SiC matrix sintered body was polished its surface and 
undergone evaluation of properties described later. 

25 Comparative Example 1 

[0096] Silicon carbide (a-SiC) powder having an average grain 
diameter of 30 jim and carbon powder (carbon black) having an average 
grain diameter of 0.07 \m were mixed such that their mass ratio 
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was 10:1 (=SiC:C). The mixed powder was mixed with a required 
amount of an organic binder to produce granulated powder. Then^ 
the granulated powder was filled in the forming die and press formed 
by a press forming machine under a pressure of 0.5 MPa Thus, 
5 a compact having a prescribed compact density was produced. 
[0097 ] Then, the compact was heated to and held at a temperature 
of 600°C in an inert gas atmosphere to remove (degrease) the organic 
binder . The degreased compact was heated to a temperature of 1400*^0 
or more under reduced pressure or in an inert gas atmosphere, and 

10 molten silicon was impregnated into the compact kept in the heated 
state . The compact was reaction sintered in the impregnation step 
of the molten silicon to obtain an SiC matrix sintered body (SiC 
matrix composite material ) . The obtained SiC matrix sintered body 
was polished its surface and undergone evaluation of properties 

15 described later. 
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[0098] The individualSiCmatrixcompositematerials (SiCmatrix 
5 reaction-sintered bodies) of Examples 1 to 11 and Comparative 
Example 1 described above were measured and evaluated for the 
crystal phases and the average crystal grain diameters of the 
aggregate SiC phases and the reaction product SiC phases, the 
contents of the liberated Si phases , the average diameters ( average 
10 fine pore diameters) of the liberated Si phases, the intergranular 
areas of the SiC crystal grains and the liberated Si phases. The 
measured results are shown in Table 2 • 

[0099] For the average crystal grain diameter of the SiC phase, 
a desired cross section of Sic matrix composite material was mirror 
15 . finished, an enlarged observation photograph of the texture was 
taken through an electron microscope, the enlarged observation 
photograph was subjected to image processing, and the individual 
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sic crystal grains were measured for a crystal grain diameter. 
An average crystal grain diameter was calculated from the results 
of measuring the crystal grain diameters of the SiC crystal grains . 
The crystal phases of the individual SiC phases were identified 
5 by microarea X-ray dif fractometry . 

[0100] A material composition ratio was calculated based on 
the theoretical density of Si and SiC from the results of image 
processing of the texture observation photograph and the sintered 
body density. The intergranular area of the SiC crystal grains 
10 and the liberated Si phase was determined by heating the SiC matrix 

composite material to leoC^C under reduced pressure to remove Si 
and measuring a specific surface area by mercury porosimetry . The 
average value of small pore diameters measured at the same time 
was determined as an average diameter with the liberated Si phase 

15 . assumed as a cylinder. 

[0101] Besides, the individual SiC matrix composite materials 
of Examples 1 to 11 and Comparative Example 1 were measured for 
mechanical properties as follows . First , bending test pieces each 
having a width of 4 mm, a thickness of 3 mm and a length of 40 

20 mm were fabricated from the SiC matrix composite material. The 
bending test pieces were tested by a three-point bending test (room 
temperature) under conditions of a span of 30 mm and a head speed 
of 0.5 mm/min. Then, the fracture toughness values of SiC matrix 
composite materials were measured by the IF method (indentation 

25 fracture method) . The measured results are also shown in Table 
2. 
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[0102] The individual SiC matrix composite materials of 

Examples 1 to 11 each are controlled to have the average crystal 
grain diameter of the aggregate SiC phase and the reaction product 
Sic phase fall in a prescribed range. Besides, the liberated Si 
phase was continuously present in network form, and the SiC matrix 
composite materials of the individual Examples were dense 
reaction-sintered bodies having substantially no pore . It is seen 
that the individual SiC matrix composite materials of Examples 
1 to 11 have superior bending strength and fracture toughness values 
in comparison with those of Comparative Example 1. 
[0103] In the SiC matrix composite materials of Examples 1 to 
11, it is seen from the strength property and the like that the 
content of the liberated Si phase is in a range of 5 to 50 mass%. 
Besides, it is preferable that the liberated Si phase is controlled 
to have an average diameter in a range of 0.03 to 3 ^m in order 
to obtain a bending strength of 500 MPa or more with a good 
reproducibility. The bending strength and fracture toughness 
values of the SiC matrix composite material can be improved 
furthermore by controlling the intergranular area of the SiC 
crystal grains and the liberated Si phase to a range of 0.1 to 
lOmVg. 
Example 12 

[0104] Silicon carbide (a-SiC) powder having an average grain 
diameter of 1 ^m, carbon powder (carbon black) having an average 
grain diameter of 0 . 5 ^rni and an organic binder were mixed to produce 
granulated powder. Then, the obtained granulated powder was 
filled into a forming die and press formed by a press-molding machine 
under a pressure of 5 MPa to produce a cylindrical compact. The 
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compact had a shape with a diameter of 51 mm and a height of 6 
mm. 

[0105] Then, the cylindrical compact was heated to and held 
at a temperature of 600''C in an inert gas atmosphere to remove 
5 (degrease) the organic binder. The degreased compact was heated 
to a temperature of 1400°C or more under reduced pressure or in 
an inert gas atmosphere, and molten silicon was impregnated into 
the compact kept in the heated state. 

[0106] The compact was reaction sintered in the impregnation 
10 step of the molten silicon to obtain an SiC matrix sintered body 
( Sic matrix composite material ) . A shrinkage rate at the sintering 
was 0.8%. The obtained SiC matrix sintered body was polished its 
surface substantially uniformly to produce a cylindrical part 
having a diameter of 50 mm and a height of 5 mm. The obtained 
15 cylindrical part was undergone evaluation of properties described 
later . 

Comparative Example 2 

[0107] Silicon carbide (a-SiC) powder having an average grain 
diameter of 0 . 1 \m, a small amount of a sintering aid and an organic 

20 binder were mixed to produce granulated powder . Then , the obtained 
granulated powder was filled into a forming die and press formed 
by a press-molding machine under a pressure of 2 MPa to produce 
a cylindrical compact. The compact had a shape with a diameter 
of 62 mm and a height of 7 mm. 

25 [0108] Then, the cylindrical compact was heated to and held 
at a temperature of eoo^'C in an inert gas atmosphere to remove 
( degrease ) the organic binder . The degreased compact was sintered 
by heating to a temperature of 1900'*C or more in an inert gas 
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atmosphere. The SiC sintered body was polished its surface 
substantially uniformly to produce a cylindrical part having a 
diameter of 50 mm and a height of 5 mm. The cylindrical part was 
undergone evaluation of properties described later. 
5 Example 13 

[0109] Silicon carbide (a-SiC) powder having an average grain 
diameter of 1 Mm, carbon powder (carbon black) having an average 
grain diameter of 0.01 \m and an organic binder were mixed, and 
the obtained mixture was dispersed into a solvent to prepare slurry 
10 having a low viscosity . Then, a pressure casting machine was used 
to fill the slurry into a forming die under a pressure of 3 MPa. 
Thus, a plate-like compact having a width of 210 mm, a length of 
310 mm and a thickness of 7 mm was produced. 

[0110] Then, the compact was air dried and heated to and held 
15 at a temperature of 600°C in an inert gas atmosphere to remove 
the organic binder. The degreased compact was heated to a 
temperature of 1400°C or more under reduced pressure or in an inert 
gas atmosphere, and molten silicon was impregnated into the compact 
kept in the heated state. 
20 [0111] The compact was reaction sintered in the impregnation 
step of the molten silicon to obtain an SiC matrix sintered body 
(Sic matrix composite material) - A shrinkage rate at the sintering 
was 0.5%. The obtained SiC matrix sintered body was polished its 
surface substantially uniformly to produce a plate-like part having 
25 a width of 200 mm, a length of 300 mm and a thickness of 5 mm. 
The obtained plate-like part was undergone evaluation of properties 
described later. 
Comparative Example 3 



[0112] Silicon carbide (a-SiC) powder having an average grain 
diameter of 0 . 1 urn, a small amount of a sintering aid and an organic 
binder were mixed to produce granulated powder . Then , the obtained 
granulated powder was filled into a forming die and press formed 
by a press-molding machine under a pressure of 1 . 5 MPa to produce 
a plate- like compact. The compact had a shape with a width of 
250 mm, a length of 360 mm and a thickness of 10 mm. 
[0113] Then, the plate-like compact was heated to and held at 
a temperature of eoO^C in an inert gas atmosphere to remove 
( degrease ) the organic binder . The degreased compact was sintered 
by heating to a temperature of 1900°C or more in an inert gas 
atmosphere. The SiC sintered body was polished its surface 
substantially uniformly to produce a plate-like part having a width 
of 200 mm, a length of 300 mm and a thickness of 5 mm. The plate-like 
part was undergone evaluation of properties described later. 
[0114] The individual parts (parts of the SiC matrix composite 
materials) of Examples 12 and 13 and Comparative Examples 2 and 
3 were measured for a three-point bending strength in the same 
manner as in Example 1. Besides, the part production cost by 
Example 12, the part production cost by Comparative Example 2, 
the part production cost by Example 13 and the part production 
cost by Comparative Example 3 were compared . The results are shown 
in Table 3. The compared cost results each are relative values 
with Comparative Examples assumed as 100. 
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Table 3 





Part 
material 


Compact 
size 


Part 
size 


Bending 

strength 
(Mpa) 


Cost 


E12 


Sic matrix 
reaction-sintered 

body 


Diameter of 
51 mm X 6 mm 


Diameter of 
50 mm X 5 mm 


1100 


/ U 


CE2 


Sic matrix 

atmospheric sintered 
body 


Diameter of 
mm X / mill 


Diameter of 
mm X 5 mm 

\J Hull M% AlUbK 


400 


100 


E13 


Sic matrix 

react ion-s inter ed 

body 


210 mm X 
310 mm X 7 mm 


200 mm x 
300 romx 5 mm 


900 


50 


CE3 


Sic matrix 

atmospheric sintered 
body 


250 mm x 
360 mm x 10 mm 


200 mm x 
300 mmx 5 mm 


300 


100 



E = Example CE = Comparative Example 



[0115] It is apparent from Table 3 that the parts according 
5 to Example 12 and Example 13 can be produced at a cost lower than 
in Comparative Examples and are superior in mechanical properties 
such as bending strength. This greatly contributes to expansion 
of applicability of the SiC matrix reaction-sintered body. 
Example 14 

10 [0116] Silicon carbide (a-SiC) powder having an average grain 
diameter of 0.5 MHi and carbon powder (carbon black) having an average 
grain diameter of 0.01 m were mixed such that their mass ratio 
was 10:3 (=SiC:C). Besides, the mixed powder was mixed with a 
required amount of an organic binder and dispersed into a solvent 

15 to prepare slurry having a low viscosity . Then, a pressure casting 
machine was used to fill the slurry into a forming die under a 
pressure of 1 MPa. Thus, two plate-like compacts each having a 
prescribed compact density were produced. 

[0117] Then, the two plate-like compacts were air dried and 
20 bonded by an organic adhesive. The bonded body was heated to and 
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held at a temperature of 500°C in an inert gas atmosphere to change 
the organic adhesive to a porous body having carbon as a primary 
component. The preliminary bonded body which had the two 
plate-like compacts joined by the porous body was heated to a 
temperature of 1400''C or more under reduced pressure or in an inert 
gas atmosphere, and molten silicon was iiapregnated into the compact 
and the bonding layer kept in the heated state. 
[01181 in the molten silicon impregnation step, the two 
plate-like compacts were reaction sintered into SiC matrix 
reaction-sintered bodies to obtain a bonded part which had the 
two Sic matrix reaction-sintered bodies joined by the SiC matrix 
reaction-sintered body (bonding layer) . It was confirmed that 
the reaction-sintered bonding layer had a thickness of about 40 
jm and a three layer structure of a layer in contact with the 
individua 1 S iC matrix reaction-sintered bodies and the center layer . 
Besides, the Sic phase in the reaction-sintered bonding layer had 
an average crystal grain diameter of 2 (m, a porosity of 0.2% and 
a silicon content of 25 mass%. 

[0119] Mechanical properties of the bonded part were measured 
as follows. First, a bending test piece having a width of 4 mm, 
a thickness of 3 mm and a length of 40 mm was fabricated from the 
bonded part. At that time, it was determined that the bonded 
surface was perpendicular to the longitudinal direction of the 
test piece and the bonding layer was located at the center of the 
25 test piece. The bending test piece was used to conduct a 

three-point bending test (room temperature) under conditions of 
a span of 30 mm and a head speed of 0.5 mm/min. Young's modulus 
was calculated from a net displacement amount of a load point of 
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the three-point bending test. Hardness of the bonding layer 
portion was measured by the Vickers method. As a result , a bending 
strength was 700 MPa, a Young's modulus was 390 GPa and a Vickers 
hardness was HvlSOO. 
5 Example 15 

[0120] Silicon carbide (a-SiC) powder having an average grain 
diameter of 0 . 2 (im and carbon powder ( carbon black ) having an average 
grain diameter of 0.01 f.im were mixed such that their mass ratio 
was 10:2 (=SiC:C). Besides, the mixed powder was mixed with a 
10 required amount of an organic binder to produce granulated powder . 
Then, the granulated powder was filled into a forming die and press 
formed by a press forming machine under a pressure of 2 MPa . Thus, 
two compacts were produced. 

[0121] Then, the two compacts were heated to and kept at a 
15 temperature of SOO^'C in an inert gas atmosphere to remove (degrease) 
the organic binder. The degreased compacts were heated to a 
temperature of 1400°C or more under reduced pressure or in an inert 
gas atmosphere, and molten silicon was impregnated into the 
compacts kept in the heated state. The compacts were reaction 
20 sintered in the molten silicon impregnation step to obtain two 
Sic matrix reaction-sintered bodies. 

[0122] The bonded surfaces of the obtained two SiC matrix 
reaction-sinteredbodies were undergone an acid (hydrofluoric acid 
+ nitric acid) treatment to remove Si from the bonded surfaces. 
25 The bonded surfaces of the two SiC matrix reaction-sintered bodies 
were joined by an organic adhesive. The bonded body was heated 
to and held at a temperature of SOO'^C in an inert gas atmosphere 
to change the organic adhesive to a porous body having carbon as 
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a primary component. The preliminary bonded body which had the 
two Sic matrix reaction-sintered bodies joined by the porous body 
was heated to a temperature of 1400°C or more under reduced pressure 
or in an inert gas atmosphere, and molten silicon was impregnated 
5 into the compact kept in the heated state. 

[0123] In the molten silicon impregnation step, the bonded part, 
which had the two SiC matrix reaction-sintered bodies joined by 
the reaction-sintered bonding layer, was obtained. It was 
confirmed that the reaction-sintered bonding layer was configured 
10 of the Sic phase, which was produced by a reaction of carbon of 
the porous body derived from the organic adhesive and the molten 
Si, and the Si phase continuously present in network form in its 
grain boundary. 

[0124] It was confirmed that the reaction-sintered bonding 
15 layer had a thickness of about 80 [nm and a three layer structure 
of a layer in contact with the individual SiC matrix 
reaction-sintered bodies and the center layer. The SiC phase of 
the reaction-sintered bonding layer had an average crystal grain 
diameter of 5 |im, a porosity of 0.8% and a silicon content of 40 
20 mass% . The mechanical properties of the bonded part were measured 
in the same manner as in Example 14 to find that it had a bending 
strength of 500 MPa, Young' s modulus of 340 GPa and Vickers hardness 
of HV1600. 

25 INDUSTRIAL APPLICABILITY 

[0125] It is apparent from the above-described embodiments that 
the silicon carbide matrix composite material of the present 
invention has superior strength, fracture toughness value, and 
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the like because the microstructure of the silicon carbide crystal 
grains such as the crystal grain diameter is controlled. 
Accordingly / a low-cost silicon carbide matrix composite material 
can be applied to parts, equipment and the like which are required 
5 to have high strength and the like. According to the producing 
process of the present invention, the silicon carbide matrix 
composite material having high strength and high toughness and 
parts of the composite material can be provided inexpensively. 
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